The interpretation of experimental results from functional medical imaging is complicated by inter-subject and inter-species differences in airway geometry. The application of computational models in understanding the significance of these differences requires methods for generation of subject-specific geometric models of the bronchial airway tree. In the current study curvilinear airway centerline and diameter models have been fitted to human and ovine bronchial trees using detailed data segmented from multidetector row x-ray computed tomography scans. The trees have been extended to model the entire conducting airway system, by using a volume-filling algorithm to generate airway centerline locations within detailed volume descriptions of the lungs or lobes. Analysis of the geometry of the scan-based and model-based airways has verified their consistency with measures from previous anatomical studies, and has provided new anatomical data for the ovine bronchial tree. Using an identical parameter set, the volume-filling algorithm has produced airway trees with branching asymmetry appropriate for the human and ovine lung, demonstrating the dependence of the method on the shape of the lung or lobe volume. The modeling approach that has been developed can be applied to any level of detail of the airway tree and into any volume shape for the lung, hence it can be used directly for different individuals or animals, and for any number of scan-based airways. The resulting models are subject-specific computational meshes with anatomically-consistent geometry, suitable for application in simulation studies.
Introduction
Mathematical models of the bronchial tree have been used extensively for computational simulations of pulmonary function. The classic airway models of Weibel (43) and Horsfield et al (10) are appropriate for investigations where the effect of airway branching asymmetry can be neglected or where asymmetry does play a significant role but the spatial location of airways can be neglected (28) . When both the branching asymmetry and the spatial position of the airways are important (40) a different class of bronchial airway model is required. These anatomically-based models -derived from patient medical imaging data -are specific to any number of imaged individuals rather than seeking to be representative of a population. For example, Tawhai et al (37) modeled the human bronchial airway system by filling a finite element volume mesh of the five human lobes with a bifurcating-distributive tree. The algorithm generated a tree into the individual lobes, starting from each pre-defined lobar bronchus. The method was shown to produce a bronchial tree with branching pattern and geometry representative of measurements from casts of the lung (37) . The bronchial tree model has been applied in simulations of inert gas mixing (38) and airway thermodynamics (39) . While others have similarly attempted to generate bronchial tree models (16), we are not aware of similar methods having been applied to generate anatomically-based spatially-distributed models of the bronchial tree in other species.
The human bronchial tree has an asymmetric branching pattern, but it is more symmetric than other mammalian lungs (32) . The human airways tend to form distinct bifurcations into two child airways with generally different diameters, lengths, and branching angles (32) . In contrast the ovine (sheep) bronchial tree has a monopodial branching pattern that is typical of most mammalian species other than homosapiens. In monopodial branching the parent airway tends to give rise to a minor child branch at a large branching angle and a major child branch at a much smaller angle (13) . An example of this branching pattern is the bronchus that arises directly from the sheep trachea to supply the right apical lobe. By definition the right apical lobe bronchus is the minor child of the upper portion of the trachea, and the continuation of the trachea beyond the branch point is the major child. The monopodial branching pattern produces a more asymmetric bronchial tree with respect to the rate of increase of the number of branches and the rates of decrease of branch length and diameter with each branch division.
The differences between the human and sheep airways in branching pattern and dimension may influence the interpretation of experimental results from sheep in terms of their implication for the human lung. For example, predictions of the location of deposition of particles or the rate of transfer of heat and moisture (39) will both be influenced by the species-specific geometry. Recent studies in which CT and MRI methods are being used to study regional ventilation (1, 19, 20, 21, 35, 36) and perfusion (2, 3, 44, 45 ) make use of gases of considerably different densities and viscosities (Xenon and Helium), both of which differ significantly from that of room air. As we seek to build a normative atlas of the human and animal lungs for the purpose of detecting and quantitatively following disease (7, 8) there is a growing interest in subject-specific models of the pulmonary airway and vascular trees. These models will aid in the ability to interrogate model-based hypotheses regarding the principles that govern the regional distribution of ventilation and perfusion, with the ability to evaluate the model predictions by comparison with in vivo measures based upon imaging of the individual from whom the model was constructed. Anatomical customized models of different individuals or different species can be used to probe the sensitivity of predictions to differences in geometry, whether subtle (normal temporal change in airway caliber of an individual) or major (between species).
In the current study models of the human and sheep bronchial trees are derived directly from detailed anatomical data obtained from multidetector row x-ray computed tomography (MDCT) scans. The models represent the curvilinear centerlines and cross-sectional areas of individual airways in an efficient format.
The human MDCT airway models extend from the trachea to a maximum of generation 10, and the sheep MDCT airway models extend from the trachea to a maximum of generation 23 (because of the monopodial nature of the sheep airway, generation number can grow rapidly along the major dorsal-basal conducting path). Volume meshes of the sheep lungs and human lobes are fitted to MDCT data from the lung or lobe surface, and the method of Tawhai et al (37) is extended and applied for generating anatomically-based airway models that start from the periphery of the MDCT-segmented airways and fill the volume meshes.
The geometry of the MDCT-based and algorithm-based models are each analyzed to 1) verify the accuracy of the MDCT segmentation algorithms in identifying airway location and geometry, and 2) verify the appropriateness of the airway generation algorithm for generating bronchial trees for the human and sheep lung. The current study also provides new data on the geometry of the human and sheep bronchial airway trees.
the child branch of highest order. In Strahler ordering any series of branches that are of the same order are considered to be a single branch.
Any portion of a tree-like structure can be classified by generations, but classification by orders requires knowledge of the entire tree, or a scheme designed to assign orders based on, for example, the diameter range (26) . Weibel generations and Horsfield and Strahler ordering are all used to classify trees in the current analysis so that comparisons can be made with corresponding generation-or order-based measures from anatomical studies. Because Strahler ordering is more appropriate for branch divisions where the distinction between parent and child branch may not be clear, this is the ordering system that is used preferentially in the current study.
Indices of asymmetry
The rate of decrease in length or diameter with decreasing order, or rate of increase in the number of branches, can be characterized by the length, diameter, and branching ratios, respectively (11) . The branching ratio (R b ) is the antilog of the slope of log(number of branches) plotted against order. The length ratio (R l ) and diameter ratio (R d ) are calculated similarly from the plots of log(mean length) or log(mean diameter) against order. R b , R l , and R d can be calculated using either Horsfield or Strahler ordering. In the current study 
METHODS

Imaging protocol
Imaging of the subjects presented in this paper was performed in the supine body posture for the human subject and prone for the sheep, with lungs held at 90% vital capacity (Human) or total lung capacity (TLC, sheep). Sheep were kept anesthetized via pentobarbital, and the human subject was unsedated. Lung volume was controlled via use of a custom built pneumotachometer-based lung volume control device. The device closed a balloon valve at the mouth under computer control when the subject reached the desired lung volume upon expiration following a full inspiration to TLC (25 cmH 2 O airway pressure). Spiral scanning was performed using an MDCT Scanner (Marconi MX8000) with a pitch of 1.5, collimation of 1.2, 100 mAs, 120 kV, slice thickness of 1.3 mm, slice increment of 0.65 mm, a reconstruction matrix size of 512 x 512, and a field of view of approximately 35 cm for humans and 28 cm for sheep.
Segmentation skeletonization, and anatomical measurements
Lungs, lobes (humans only) and airway trees were automatically segmented (extracted) using custom built software. Hu et al (14) and Shi et al (34) detail the segmentation process used for the human and sheep lungs respectively, and Zhang et al (44) describes that used for the human lobes. The current study is concerned primarily with identification of the airway tree.
An airway segmentation algorithm (41, 42) based on multiseeded fuzzy connectivity (6) was used to identify the airway locations. Segmentation was performed in small cylindrical regions of interest (ROI). These ROIs adaptively followed the airway segments as they were segmented. This approach has three advantages:
1. The segmentation is kept within a small and therefore controllable area. With this approach it is possible to automatically detect problems such as leaks into the surrounding lung parenchyma (erroneous labeling of lung parenchyma as airway lumen) at their root. Appropriate countermeasures can be taken without the need for any user interaction (41, 42) .
2. The algorithm can automatically adapt to changing image properties such as gradients and varying noise content.
3. Reduction of the size of the segmentation space and the division of the overall problem size into small sub-problems results in a moderate computing time.
Segmentation of the human and sheep airway trees from the subjects in the current study are shown in Figure   1 .
The skeleton of the segmented airway trees was found by applying a sequential thinning algorithm (23) . The skeletal line resulting from this algorithm is guaranteed to lie in the center of the airway segments, and the branch-points are located at their correct anatomical locations (24) .
Anatomical measurements (minor and major diameter, cross-sectional area) were made in the original gray level MDCT volume (41) . Measurements were conducted in 2D slices that were re-sampled perpendicular to the segment's centerline. Only the cylindrical parts of the respective airway segment were considered: the branchpoint regions were excluded. An independent set of measurements was taken at every centerline voxel position. The method has been demonstrated to achieve sub-voxel accuracy (typical error approximately 0.1 mm) on a Plexiglas phantom, independent of airway orientation and x-ray dose (41).
The measured tree geometry was stored in an XML (eXtensible Markup Language) 'tree file'. The tree file records the location of each bifurcation point, how the bifurcation points are linked to form the skeleton, the location of multiple discrete centerline points that trace the path of the airway centerline along each airway segment, and the cross-sectional area of the airway orthogonal to each centerline point.
Derivation of centerline models for segmented airways
Finite element models of the segmented airway trees were derived directly from the information stored in the XML tree file. Each bifurcation point was translated into a finite element 'node', and the tree file connectivity was translated into finite element mesh connectivity (a set of connected 'elements'). Each element contained only two nodes (hence a 1D mesh) and the initial geometry was that of a linear mesh (straight lines joining adjacent bifurcation points). The location of the bifurcation points did not change during the fitting process, but the curvature of the elements changed to provide a best fit to the centerline locations. That is, the mesh that was fitted to the centerline points was comprised of 'high order' elements that included derivative information at the nodes.
The locations of centerline points from the tree file were translated to data points for geometry fitting. The centerline points were used to fit curvature to the 1D mesh, such that the distance between the mesh location and the points was minimized. Details of the generalized geometry fitting technique can be found in Fernandez et al (4) . The technique is summarized as follows specifically for the centerline fit:
1. The orthogonal projection of each centerline point to its corresponding element is calculated. These minimum distances are summed to estimate the error in the fit.
2. The sum of the projections, written in terms of nodal coordinates and derivatives, is the objective function that the solution seeks to minimize. For each element in the mesh a linear system of equations is generated by differentiating the objective function with respect to each element parameter, and equating the resulting expression to zero. The initial linear tree was fitted to the centerline point data to produce a curvilinear mesh with deliberate derivative discontinuities at the nodes. That is, the mesh included curvature information for each airway but the curvature from a parent to a child airway may change abruptly, hence the mesh fitting was not constrained to preserve derivative continuity. This is in contrast to the general application of the geometry fitting technique to biological structures (4), where preservation of derivative continuity is essential to accurately represent surface curvature.
Fitting area data to the centerline models
The XML tree file provides data for the cross-sectional area and major and minor elliptical diameters orthogonal to the centerline points. The orientation of the elliptical section is not defined, hence a cylindrical cross-section was assumed for the current model derivation and geometry analysis.
The circular diameters calculated from the cross-sectional areas were translated to data values -each associated with a unique centerline point location -for fitting to the centerline mesh. The mean diameter for an airway was used to define the initial diameter of the corresponding mesh element. That is, the initial diameter values were constant along an element and discontinuous at the nodes. Each node stored up to three versions of the diameter: one for each connected element. The diameter along the elements was fitted to the initial mesh using a similar technique to that described for fitting the geometry of the mesh, but in this case the objective function was formed from the sum of the differences between the centerline point diameter values and the corresponding interpolated diameters in terms of nodal values and derivatives. The diameter quantities were fitted to the set of diameter data to minimize the objective function. Because the system was linear and no updating of values was required, the solution took only a single iteration.
Generation of centerline model by algorithm
The airway generation algorithm developed by Tawhai et al (37) was used to generate an airway model starting from the MDCT-based airway geometry and terminating at the terminal bronchioles, for the human and sheep lung. Airways were generated into MDCT-based volume meshes of the lobes (human) or lungs (sheep) derived from data from the same MDCT scans that were used to construct the XML tree files. The volume meshes were constructed by geometry fitting of lung or lobe surface MDCT data to high order volume elements (4).
A grid of uniformly spaced seed points was calculated to lie within each lobe or lung, with density equal to the estimated density of the transitional bronchioles. The density for both human and sheep was estimated using the expected number of transitional bronchioles in the human lung (~30,000) (5) divided by the lung volume. The human lung volume was 7.05 l at approximately 90% vital capacity and the sheep lung volume was 2.88 l at close to TLC, hence the transitional bronchiole density of the sheep lung was over twice that of the human density.
Using the peripheral airways in the MDCT-based airway models as starting elements for mesh generation, the algorithm proceeds as follows:
1. The closest peripheral branch end point is calculated for each seed point, hence there are initially N sets of seed points for the N peripheral airways in the MDCT-based model.
2. The center of mass of each set of points is calculated as the average of the seed point spatial coordinates.
3. Each set of points is divided into two sets of generally unequal size by the plane that contains both the centre of mass and the two nodes of the parent branch.
4. The centre of mass of each new set of points is calculated.
5. For each set of points an airway is generated to start at the end of the parent branch, directed towards the centre of mass. The length of the new branch is 40% of the distance from the end of the parent to the centre of mass (37).
6. Each set of points is checked to determine whether the generated branch is terminal; a terminal branch arises when the set contains only a single seed point, or the branch length is less than a minimum length. For any terminal branch the single seed point remaining (or closest seed point to the terminal node for a lengthlimited branch) is removed from the global set of seed points.
7. Steps 1-6 are repeated until no seed points remain.
Estimates of the length of the human transitional bronchiole range from approximately 1.5 mm (5) to 1.72 mm (25) . Direct measurements of the length of the transitional bronchiole in the sheep are not currently available. A value of 2 mm was therefore used for the length limit for both the human and sheep models.
For analysis in the current study the diameters in the generated airways were calculated by assuming that R d S = R b S 1/3 (11) . The full generated tree was first classified by Strahler order, then R b S was calculated, and equation 1 was used to compute diameters of constant value along a branch:
where D is the computed diameter for any branch of order x, x is the Strahler order, N is the highest order (the order of the trachea), and D N is the diameter of the branch of highest order.
Geometry analysis
The following assumptions and definitions were used for analysis of the branching pattern and geometry of the bronchial tree data and models:
1. The branching angle ( ) is the angle between the forward directions of the parent and child branches.
2. The rotation angle ( ) is the angle between the plane that contains the parent branch and its sibling, and the plane that contains the child branch and its sibling.
3. The branch diameter for MDCT-measured airways is its average value between 25 -75% of the branch length; for generated airways diameter is equal to the value calculated using equation 1.
4.
A minor branch is defined as the child branch with the smallest diameter; a major branch is defined as the child branch with the largest diameter. For two child branches of equal diameter, the minor branch is defined as the child with the largest branching angle.
Geometry analysis was performed on the human and sheep models generated from the full set of MDCTbased airway centerlines, into the five separate lobes (human) or two lungs (sheep). Branching ratios were also calculated for the following airway models: human airways generated into two lungs (merged lobes) from the full MDCT airways; human airways generated into two lungs initiating from the two major bronchi;
sheep airways generated from the two major bronchi and the right apical lobe bronchus; and sheep airways generated using a length limit of 3 mm. These extra model generations were performed to check the influence of host geometry and the extent of initial (MDCT) airway definition on the generated asymmetry of the model. Minor and major branch classification is determined by branch diameter, therefore the mean ratios of minor to major diameter (D minor /D major ) must be less than or equal to 1. D minor /D major for the sheep airway tree (0.72 ± 0.18) is smaller than for the human (0.85 ± 0.14). The human value is within the range measured in previous studies (25, 31, 43) , and the sheep value is slightly less than the smallest value in the range (31).
RESULTS
MDCT airways: geometry
Phalen et al (25) measured generally smaller ratios in dog, rabbit, and rat airways.
The mean ratio of length to diameter (L/D) for the human MDCT airways is 3.04 ± 2.20, which sits in the middle of the range of published values (31, 43) . L/D for minor branches is larger than for major branches.
This is consistent with the finding of Phillips & Kaye (27) , however the difference between major and minor ratios is larger in the current study. L/D calculated for the sheep MDCT airways is much smaller than for the human (2.69 ± 1.76), but is larger than the range of minor branch L/D ratios calculated by Phillips & Kaye (27) for the dog, rat, and hamster airways using data from Raabe et al (29) .
The ratio of branch length to parent branch length (L/L parent ,) is greater than 1 for the MDCT airways in both species. Krause et al (17) calculated L/L parent as 1.65 ± 3.25 for the dog lung, with 58.8% of the branches shorter than the parent branch. The MDCT-based human and sheep airways have similar percentages of branches shorter than the parent branch, and both data sets have relatively large standard deviations. This is consistent with previous studies where it has been observed that branch length does not decrease as uniformly as the diameter (27, 43 (25) .
MDCT airways: fitting
The initial linear mesh of the human MDCT airway (Figure 3a) comprised 122 nodes and 121 elements which were fitted to 1871 centerline data points. The RMS error between the centerline data and the initial mesh was 2.215 mm, and the RMS error of the fitted mesh (Figure 3b 
Model airways generated by branching algorithm
The third column in each of Table 1 and Table 2 lists the geometric properties calculated for the airway models that were generated into the volume meshes of the five human lobes (Table 1) and two sheep lungs ( The mean branching angle ( ) for the generated human tree is larger than published values. Figure 6 shows that this is influenced largely by the peripheral branches. From Strahler order 4 to 9 is equal to or less than the theoretical ideal (9) . The model increases towards the periphery, as described for the upper orders (10), and has large standard deviations.
Log plots of number of branches, length, and diameter used to calculate R b S, R l S, and R d S in the human model are shown in Figure 5 and values are listed in Table 1 . Further values of R b S are listed in Table 3 for generation of human airway models into two lungs rather than five lobes, and for initiating from the two major bronchi rather than from all of the peripheral MDCT model airways. In both cases R b S decreases relative to its value for model generation from all MDCT airways into separate lobes. R b S also decreases for generation from the small initial branch set in the sheep (Table 3 ).
The human lung lobe volume mesh is shown in Figure 7a , and the full generated human model in Figure 7b . 
DISCUSSION
Bronchial airway models that are employed for functional simulations have generally been idealizations of real airway geometry based on measurements from a small number of airway casts (10, 43) . In contrast, 3D computational fluid dynamics simulations use models with a high level of anatomical detail specific to an individual (22) , but because of the fine resolution of the 3D mesh these types of models are usually limited to a relatively small number of airways. A recent study by Schmidt et al (33) has derived a digital reference model of the human bronchial tree over 17 Horsfield orders, using CT scanning of an airway cast. While this study has provided further insight into airway branching geometry, it is not a method that can be used to generate geometric models for the entire in vivo conducting airway tree. In the current study a method has been applied to generate airway centerline models that are specific to an individual. Centerline models that incorporate the airway diameters by integration of governing equations over the cross-sectional area are tractable for functional predictions in the entire conducting airway system (38, 39) . The application of this type of 1D model is therefore wide and varied: from predictions of airway mechanics (40) , to the dynamics of gas mixing (38) , or for tracing airway paths for virtual bronchoscopy (15) . In the current study models of the bronchial airway system have been developed from MDCT data segmented from human and sheep scans.
The MDCT-based measures of the geometry of the human and sheep airway were first analyzed to verify that the segmentation methods produce airway structures that are consistent with previous morphometric studies.
The MDCT airway analysis has provided new data on the geometry of the sheep bronchial tree. Airway models have been developed directly from the MDCT data by 1) fitting the model mesh centerlines and diameters to data extracted from an XML description of the airway geometry, and 2) using a mathematical algorithm to generate bifurcating trees within MDCT-based volume meshes. The geometries of the full conducting airway systems are generally consistent with available anatomical measures. The end of a parent branch and start of the child branches in the MDCT airway trees was defined to be at the common bifurcation point. Estimates of branch lengths are therefore the distances between the bifurcation points, which is consistent with the approach used in previous studies. This definition may not be appropriate for some monopodial branching divisions in the sheep bronchial tree. When the minor branch has a large branching angle and much smaller diameter than the parent branch, then the minor child branch originates from the wall of the parent branch and not from the bifurcation point that lies on the centerline of the parent.
CT-based measurements of airway geometry
The consequence of measuring from the common bifurcation point is that the branch lengths may be overestimated (and therefore L/D overestimated), particularly for the minor branches. In future descriptions of the monopodial airway tree -or for its implementation in simulation studies -it may be more appropriate to use different locations for the end of a parent branch and the start of a child branch, or in a Strahler ordered tree to have a child branch arising directly from the wall at some location along the length of the parent.
The mean branching plane rotation angle for the human ( in Table 1 ) is close to the mean value of 79 o measured by Sauret et al (31) , whereas the sheep (Table 2) is very close to the 90 o rotation that has been observed in human studies of airway casts (13) . The number of bifurcations for which the branching angle could be calculated in the sheep was far greater than for the human airway tree. Segmentation of lower order branches in the human tree may show that the smaller is valid for the largest airways, but that it is closer to 90 o for the smaller airways.
Model fitting to MDCT data
Translation of the XML tree file into an initial mesh, centerline data points, and diameter data has been developed as an automated process that requires minimal user involvement. This means that the derivation of bronchial tree models from scan data can be accomplished quickly for a large number of data sets. The translation of the XML airway tree description into an initial linear mesh for centerline fitting produces an initial geometry that is well constructed for quick convergence of the fitting solution. The centerline fits for both models result in small RMS errors, and each requires a maximum of 9 solution iterations to reach convergence. By employing high order elements for the MDCT airway model description, only a single element is required for each airway and the airway curvature is represented efficiently. The curvilinear centerline model differs from previous comparable 1D models which have used straight cylindrical elements.
The advantage of including curvature is that a better spatial description of the airway is achieved such that relating the current 1D models to 3D models developed from the same data set is straightforward. This becomes important when coupling different functional models: for example, compression of the airways in the 1D airway tree coupled to soft tissue deformation of the 3D lung.
Model generation by branching algorithm
Tawhai et al (37) conducted a sensitivity analysis of the airway branching algorithm, and a comparison of geometry against previous airway models. The current study does not seek to reproduce this analysis. The branching algorithm used for model generation in the current study differs from the original algorithm in the spacing and density of seed points and in grouping seed points with the closest peripheral branches throughout the generation process.
Tawhai et al (37) used a very dense set of randomly distributed seed points. In the current study the number of seed points is equal to the estimated number of transitional bronchioles. A criteria used in the original algorithm was termination of a branching path when the number of points in a set was less than a minimum value that represented the mean acinus volume. This is equivalent to the condition used in the current study that a path terminates if only a single point remains in a point set. That is, the larger number of points in the original algorithm and the single point in the current study both represent a single pulmonary acinus. The advantage of using only a single seed point per transitional bronchiole/acinus is that generation of the tree is far quicker, with no negative impact on the generated model geometry. Spacing the seed points in a uniform grid rather than randomly distributed significantly reduces the model computation time, also with no negative impact on the generated model.
The major difference from the original algorithm is that throughout the generation process the seed points are regrouped with the closest peripheral branch. This grouping allows the algorithm to be initiated from any number of pre-defined airway locations. In the original algorithm the seed points in a single lobe were all allocated to the corresponding lobar bronchus. The points were divided and re-divided for branching, as described in the methods section, but in contrast to the current study seed points could only be associated with branches that were peripheral to a higher order branch to which the seed points had previously been grouped. By reallocating the seed points after generation of a new set of branches this constraint is relaxed.
The major effect of this change appears to be on . In the models generated by Tawhai et al (37) did not increase towards the periphery whereas in the current study does increase with decreasing order ( Figure 6 ).
As the number of bifurcations increases, more of the airway paths terminate by length limitation, and their seed points are reassigned. The reassigned points cause a larger dispersal of the centers of mass, and hence the tree 'spreads' out. Mean for the entire human tree is therefore larger than published values, but this is influenced largely by the branching angles in the peripheral branches ( Figure 6 ). Branching plane rotation angles ( ) for both the human and sheep model were very close to 90 o , although the algorithm places no constraint on the plane of branching: the branch orientation is defined entirely by the spatial distribution of the seed points towards which it branches.
Diameters were assigned in the models assuming that R d S = R b S 1/3 . Diameters could have been assigned using mean values per generation or order, however diameter variation within a generation is large (43) and mean values per order are not available for the sheep airways. Diameters could also have been estimated by assuming a fixed value for L/D, however for branches with a shorter parent branch length (22% of the human airways and 23% of the sheep airways) the diameter would be larger than that of its parent, and for very short branches the diameter would be correspondingly small. A limitation of using the simple power law to assign diameters is that all diameters in a given Strahler order are identical. A more sophisticated method could be employed, for example adapting the diameters to ensure that they match measured values for parent to child or sibling ratios. The diameters were not manipulated in this way in the models presented here, so that the comparison of diameter-based ratios from the models with those from anatomical studies would be clear. Branching, length, and diameter ratios were calculated using both Horsfield and Strahler ordering for the human model, and using only Strahler ordering for the sheep model. Figure 5 illustrates the log plot used to calculate the Strahler ratios. Ratios calculated using Strahler orders are more accurate than those calculated from Horsfield ordering because the Strahler log plots are more linear (13) . This is especially true for the length ratio, for which the R 2 value for R b S is much closer to 1 than for R b H. All of the Strahler-based ratios are within the published range (12) for the human airway models, but the sheep model has smaller values of R b S and R d S than published (12) . That is, the asymmetry of the human airway model is appropriate but the sheep airway model branching pattern is not quite as asymmetric as published studies propose.
A number of different hypotheses were tested to determine their influence on branching asymmetry, in particular to probe whether the higher asymmetry in the generated sheep model results from the geometry of the sheep lung or from the far more extensive initial description of the MDCT airways than for the human, and whether increasing the length limit affects the R b S. Table 3 lists the results of these various tests.
Removing the separation of the lungs into lobes caused the human R b S to decrease from 2.80 to 2.59. Lipsett (18) proposed a much longer terminal bronchiole length in the sheep lung (6.8 mm) than has been measured for human. Increasing the length limit to 3 mm increased R b S to 3.61, but this was at the expense of increasing the number of generations to close to 60. Without physiological evidence to support this large number of generations it would appear that the 2 mm length limit used in the current study, on the basis of human anatomy, is more suitable.
The sheep model used a seed point density that was more than twice the density used for the human lung. If each seed point represents a single acinus then the result is that the number of acini in the sheep model is approximately the same as the number in the human lung, but each with half the volume. Based upon comparative sizes of acini in other mammalian species (30) the sheep acinus would be expected to be smaller than the human acinus. For R b S = 3.55 with 9 Strahler orders the number of terminal bronchioles would be 25,000, which is close to the number used in the current study. airways that have been generated into the respective species host lung; in each case a portion of the airway model has been isolated that is peripheral to the MDCT-defined airways. Results are mean ± standard deviation. Values from anatomical studies in the final column are followed by their reference in brackets. * Dog, rat, hamster; † Dog. Airways are generated: into separate lobes (human) or lungs (human and sheep) starting from all peripheral MDCT-based airways; into separate lungs starting from the left and right main bronchus (human) or from the left and right main bronchus and the right apical lobe bronchus (sheep); and using a length limit of 3 mm in the sheep lung. 
